Understanding variations of slip distance along major thrust systems at convergent margins is an important issue for evaluation of near-trench slip and the potential generation of large tsunamis. We derived quantitative estimates of slip along ancient subduction fault systems by using the maturity of carbonaceous material (CM) of discrete slip zones as a proxy for temperature. We first obtained the Raman spectra of CM in ultracataclasite and pseudotachylyte layers in discrete slip zones at depths below the seafloor of 1-4 km and 2.5-5.5 km, respectively. By comparing the area-under-the-peak ratios of graphitic and disordered bands in those Raman spectra with spectra of experimentally heated CM from surrounding rocks, we determined that the ultracataclasite and pseudotachylyte layers had been heated to temperatures of up to 700 and 1300 °C, respectively. Numerical simulation of the thermal history of CM extracted from rocks near the two slip zones, taking into consideration these temperature constraints, indicated that slip distances in the ultracataclasite and pseudotachylyte layers were more than 3 and 7 m, respectively. Thus, potential distance of coseismic slip along the subduction-zone fault system could have regional variations even at shallow depth (≤ 5.5 km). The slip distances we determined probably represent minimum slips for subduction-zone thrusts and thus provide an important contribution to earthquake preparedness plans in coastal areas facing the Nankai and Sagami Troughs. 
Introduction
In a worldwide context, most of the seismic energy released by large earthquakes occurs in plate-subduction zones (Scholz 2002) . Complex plate-boundary megathrusts, décollements, megasplay faults, and other types of thrust are known at many plate margins, including the Nankai Trough (Park et al. 2002; Moore et al. 2007; Tsuji et al. 2015) and the Alaskan (Plafker 1972) and Sunda margins (Kopp and Kukowski 2003) . Fault systems such as these can generate very large tsunamis during great earthquakes such as the 1944 Tonankai earthquake (Park et al. 2002; Baba et al. 2006 ) and the 2011 Tohokuoki earthquake (Yue and Lay 2011; Ito et al. 2011; Fulton et al. 2013) . Notably, coseismic displacement of the seafloor exceeded 50 m at the trench axis during the 2011 Tohoku-oki earthquake (Ito et al. 2011; Kodaira et al. 2012; Sun et al. 2017) .
To investigate the mechanism of gigantic seismic slip along the plate interface during the 2011 Tohoku-oki earthquake, Hirono et al. (2016) undertook quantitative laboratory analyses of the properties of plate-interface material retrieved during the Japan Trench Fast Drilling Project (JFAST) and ran simulations of fault weakening and rupture propagation. Their results indicated a large stress drop and slip of about 75 m near the trench during the earthquake, which is consistent with the amount of slip estimated from observations and surveys (50-80 m slip) (Fujiwara et al. 2011; Ito et al. 2011; Yue and Lay 2011; Sun et al. 2017) . Although the style of deformation of sediments in the incoming plate could change with subducting regions during the subduction-accretion process, which was examined by analyzing mineral veins distributed in an ancient plate-subduction fault (Mukoyoshi et al. 2009 ), Hirono et al. (2016) did not consider the heterogeneity of fault-plane material at different plate subducting segments. Thus, in this study we focused on the slip parameters of the subduction fault system taking into consideration the regional heterogeneity of the plate-subduction faults.
To estimate slip parameters such as shear stress and slip distance, information about frictional heat within the slip zone is of paramount importance. Various temperature proxies have been proposed, including the thermomagnetic characteristics of magnetic minerals (Mishima et al. 2009; Chou et al. 2012) , fluid-mobile trace element and isotope anomalies (Ishikawa et al. 2008; Honda et al. 2011) , clay mineral dehydroxylation (Hirono et al. 2008a; Kuo et al. 2009 ), vitrinite reflectance (O'Hara 2004; Sakaguchi et al. 2007 Sakaguchi et al. , 2011 Kitamura et al. 2012; Maekawa et al. 2014) , and infrared and Raman spectroscopic characteristics of carbonaceous material (Hirono et al. 2015; Kaneki et al. 2016) . Carbonaceous materials, including vitrinite, are commonly included within accretionary complexes in both intact sedimentary rocks and fault-zone rocks (e.g., Sakaguchi et al. 2007 Sakaguchi et al. , 2011 . A new method to investigate the thermal history of rocks by applying Raman spectroscopy to CM in conjunction with heating experiments has been proposed by Kaneki et al. (2016) .
In this study, we examined discrete slip zones at 1-4 km depth within a major thrust and at 2.5-5.5 km depth within an ancient megasplay fault. We examined the microstructures of both CM-bearing fault zones and used Raman spectroscopy on CM to estimate the minimum temperatures to which they had been exposed. We determined slip distances by conducting numerical simulation and considered the differences of slip behavior along two different plate interfaces and its potential to trigger large tsunamis.
Geological setting
Accretionary complexes of Cretaceous to present age are distributed around the Pacific Ocean and are commonly divided into prisms of Cretaceous-Paleogene and Neogene-present age (Fig. 1a) . These complexes were formed by subduction-related accretion in the Nankai and Sagami Troughs. For our study, we chose two Japanese locations where subducting strata within the incoming plate are at different depths of burial, one on the Boso Peninsula on Honshu Island and the other in the Shimanto accretionary complex on Shikoku Island.
On the Boso Peninsula, the Emi Group was defined by Kawai (1957) , but has since been included in the Hota Group (Mitsunashi et al. 1979; Chiyonobu et al. 2017) . The Emi Group is composed of late Oligocene to middle Miocene tuffaceous clastic sedimentary rocks (Sawamura and Nakajima 1980; Ogawa and Ishimaru 1991; Suzuki et al. 1996) and forms a fold-and-thrust system (Fig. 1b) . The thermal history of the Emi Group, reconstructed from vitrinite reflectance data, indicates that it has been heated to temperatures of 50-75 °C (Hirono 2005) at an estimated maximum burial depth of 1-4 km below the seafloor (Hirono et al. 2008b ). It contains a major eastwest-striking back thrust, 5-10 mm thick, which includes a discrete slip zone composed of glossy black material accompanied by well-developed slickensides (Emi major thrust hereafter) (Fig. 2a) .
In the Shimanto accretionary complex (Fig. 1c) , there are several out-of-sequence thrusts (OST) in and around the Cretaceous Nonokawa Formation and Kure Mélange. The deformed zone (~ 500 mm thick) of a representative OST comprises an outer fracture-damaged zone, a cataclasite layer, and a narrow, black slip zone 0.5-5 mm thick (Kure OST hereafter) (Fig. 2b) . The hanging wall of the Kure OST is composed of greenish shale, and the footwall is composed of sandstone. The depth below seafloor of the slip zone has been estimated from vitrinite reflectance data to be 2.5-5.5 km (Mukoyoshi et al. 2006 ).
Methods
We collected rock samples from outcrops of the surrounding rocks from which we extracted CM for heating experiments and Raman spectroscopic analysis. Rock samples of surrounding rocks were first crushed with a mortar and pestle and sieved to obtain 150-710 µm fragments. The CM, including vitrinite, and rock fragments were then separated using a sodium polytungstate solution (specific gravity, 1.8). The CM fragments were dried at 30 °C for > 24 h before the heating experiments. The concentration of CMs in the surrounding rocks was approximately 30 wt%. We also prepared thin sections of rock samples of the slip zones oriented perpendicular to the fault surface and parallel to the fault striations for Raman spectroscopic analysis.
To replicate the heating caused by earthquake slip, we heated the CM retrieved from the host rocks in a thermogravimetric apparatus (Netzsch STA 449 C Jupiter balance) to temperatures from 100 to 1300 °C, at increments of 100 °C, in an Ar gas atmosphere. Although the rate of temperature increase on the fault plane during an earthquake is several tens to several hundreds of degrees per second (e.g., Lachenbruch 1986), we heated our samples at 50 °C min −1 because of the limited available heating rates of the apparatus.
Raman spectroscopy is widely used for analyses of CM. Recent progress in the use of Raman spectroscopy has been well reviewed by Potgieter-Vermaak et al. (2010) . Typical spectra of CM contain several bands, the most intense being the first-order graphite (G) band that peaks at 1600 cm −1 and the defect (or disorder; D) band that peaks at 1350 cm −1
. The G band is attributed to the E 2g vibrational mode (representing a polyaromatic structure) with D 4 6h crystal symmetry, and is present in all CM, regardless of the degree of structural order (Tuinstra and Koenig 1970) . The D band is assigned to the A 1g mode and is absent in perfectly stacked graphite but is induced by structural defects in CM (Tuinstra and Koenig 1970; Bény-Bassez and Rouzaud 1985) . Poorly organized CM contains additional bands at about 1200 cm −1 (known as the D4 band), 1500 cm −1 (D3 band), and 1620 cm
(D2 band) (Beyssac et al. 2002 (Beyssac et al. , 2003 Sadezky et al. 2005; Guedes et al. 2010; Lahfid et al. 2010) . The D4 band is attributed to either the sp 2 -sp 3 bond or to C-C and C=C stretching vibrations in polyene-like structures (Dippel et al. 1999) . The D3 band is attributed to out-of-plane defects, such as tetrahedral carbons; such defects are most likely released during the early stages of graphitization (Bény-Bassez and Rouzaud 1985) . The D2 band forms a shoulder on the G band, but its significance is poorly understood. In very poorly organized CM, which was the case for all of our samples, the G and D2 bands cannot be resolved, so a single broad band occurs at around 1600 cm −1 (Beyssac et al. 2003) . Although some studies have adopted a complicated waveform separation of four sub-peaks at around 1350-1700 cm −1 (e.g., Beyssac et al. 2002) , the attribution of the sub-peaks at molecular level is not based on a complete understanding of the physicochemistry of CM. Therefore, we used only the D and G bands for our spectroscopic analysis.
We used a Raman microspectrometer equipped with a 532-nm laser (XploRA; HORIBA Jobin-Yvon Inc.) to measure spectra for both the CM distributed in the thin sections of the slip zones and that extracted from the surrounding host rocks for the heating experiments. The spectra were measured at each point on the target surface with laser spot size of 2 µm and laser power of 0.13 mW. The obtained signal was edge-filtered and dispersed using a 2400 g mm −1 grating. For each thin-section sample, spectra were obtained at dozens of target points in areas of similar structure with exposure time of 40 s. For each heated CM sample, spectra were obtained at 25 points with exposure time of 20 s. After a baseline correction for the spectral range 1000-1800 cm
, to remove fluorescence interference, the areas of the D and G bands were determined using a Lorentzian curve-fitting procedure by using Labspec v. 5.0 software (HORIBA Jobin-Yvon Inc.).
Results

Emi major thrust
A microscopic image of the Emi major thrust sample shows that the fault zone is composed of cataclasite containing three discrete slip zones that form distinct layers of blackish ultracataclasite with clay-size particles (Fig. 3a) . The cataclasite contains randomly oriented well-rounded to subrounded lithic fragments of clay to very fine sand size, composed mainly of quartz, plagioclase, K-feldspar, and clasts of older ultracataclasite. The cataclasite shows no indication of melting, such as the presence of fibrous microlite or vesicles, indicating that the maximum temperature of the Emi major thrust has not exceeded 1100 °C (Hamada et al. 2011) .
Raman spectra of CM extracted from in and around the slip zones of the Emi major thrust (Fig. 4a-d) show small shoulder peaks at 1200, 1500, and 1620 cm −1
, probably corresponding to D4, D3, and D2 bands, respectively, for CM from host rock and cataclasite, but these are absent for ultracataclasite. Both the D and G band peaks (1355 and 1600 cm −1 , respectively) of CM from ultracataclasite are distinctly sharper than those of both host rock and cataclasite.
Raman spectra of heated CM from the surrounding rocks in the Emi major thrust show that the D band strengthened with increasing temperature (Fig. 4e) . In particular, the intensity of the D band increased markedly at higher temperatures. Small shoulder peaks that were clear in the unheated CM disappeared when the temperature reached 600 °C, and fluorescence interference disappeared at about 800 °C.
Kure OST
Microscopic examination of the fault zone in the Kure OST showed it to be composed of cataclasite and opaque black layers (Fig. 3b) . Some of the black layers contain microlites, vesicles, and plagioclase and K-feldspar embayment structures, which indicate that they are in fact pseudotachylyte that experienced melting and therefore temperatures that exceeded 1100 °C (Mukoyoshi et al. 2006) . They include opaque particles of CM of several micrometers size and randomly oriented wellrounded to subrounded fragments of quartz, plagioclase, and K-feldspar, also of micrometer size. The cataclasite contains micrograins of quartz, plagioclase, K-feldspar, and older pseudotachylyte. There are also clasts of deformed host rock in the fault zone.
Raman spectra of CM extracted from in and around the slip zone of the Kure OST (Fig. 5a-d) show small shoulder peaks at around 1200, 1500, and 1620 cm −1 only for CM from host rock. The G band peaks of CM from cataclasite and pseudotachylyte are sharper and of higher intensity than those from host rock; the D band peak of CM from pseudotachylyte is sharper and of higher high intensity than those of cataclasite and host rock.
Raman spectra of heated CM from surrounding rocks near the Kure OST (Fig. 5e) show that the D band strengthened with increasing temperature and that the D band became markedly stronger at higher temperatures. Small shoulder peaks and fluorescence interference disappeared at around 900 and 1000 °C, respectively. 
Discussion
The Raman spectra of CM extracted from ultracataclasite in a slip zone of the Emi major thrust (Fig. 4d) and from pseudotachylyte in a slip zone of the Kure OST (Fig. 5d) are characterized by intense D bands without shoulder peaks. The Raman spectrum of CM from ultracataclasite from the Emi major thrust (Fig. 4d) resembles the spectrum of host-rock CM heated to at least 700 °C (Fig. 4e) . That of CM from the pseudotachylyte from the Kure OST (Fig. 5d) resembles the spectrum of host-rock CM heated to 1300 °C (Fig. 5e) . To quantify these comparisons, we determined the ratios of the areas under the peaks of the D and G bands (A D /A G ) (Additional file 1) for all CM spectral analyses from the slip zone and heating experiments.
The A D /A G ratio of CM in ultracataclasite from the Emi major thrust (2.06 ± 0.10) was markedly higher than those of CM in the surrounding cataclasite (1.85 ± 0.07) and host rock (1.74 ± 0.13) (colored ranges in Fig. 6a ). The A D /A G ratio of heated host-rock CM increased from 1.21 ± 0.09 to 2.37 ± 0.21 at temperatures from 300 to 1100 °C, respectively, but then decreased at higher temperatures. The A D /A G ratio of CM in ultracataclasite from the Emi major thrust was similar to that of hostrock CM heated to 700 and 1300 °C. Given that a slip zone in the Emi major thrust has not experienced high temperatures of ≥ 1100 °C (Hamada et al. 2011) , the most plausible maximum temperature is 700 °C. On the other hand, host-rock CM in the thin section was located at approximately 3 mm away from the ultracataclasite layer (Fig. 3a) , and numerical simulation results describing displacement-temperature development at 3 mm away from a slip zone indicate that host-rock CM suffered somewhat high temperature of approximately ≥ 100 °C causing from heat transferred from the slip zone (Additional file 2). Given that the A D /A G ratio of CM from the surrounding rocks increased after heating to ≥ 100 °C (Fig. 6a) , it is reasonable that the A D /A G ratio of host-rock CM in the thin section showed different value of that of intact CM from the surrounding rocks (Fig. 6a) .
The A D /A G ratio of CM in pseudotachylyte from the Kure OST (2.05 ± 0.09) was markedly higher than those of CM in the surrounding cataclasite (1.94 ± 0.08) and host rock (1.85 ± 0.05) (colored ranges in Fig. 6c ). The A D /A G ratios of heated host-rock CM increased from 1.80 ± 0.12 to 2.56 ± 0.13 at temperatures from 300 to 1100 °C, but then decreased at higher temperatures. The A D /A G ratio of CM in pseudotachylyte from the Kure OST was similar to that of host-rock CM heated to 500-700 and 1300 °C. Taking into consideration the geological evidence that the maximum temperature of pseudotachylyte reached ≥ 1100 °C (Mukoyoshi et al. 2006) , most plausible temperature is 1300 °C for the Kure OST. Thus, the A D /A G ratios of the experimentally heated host-rock CM validate our view that CM in ultracataclasite from the Emi major fault and pseudotachylyte from the Kure OST have been heated to temperatures of 700 and 1300 °C, respectively. The reported range of paleotemperatures in strata of the Emi Group is 50-75 °C (Hirono, 2005) , so it is unlikely that a temperature of 700 °C could have been attained without frictional heating during earthquake slip. Temperatures > 350 °C in the Emi major thrust have also been estimated based on fluid-mobile element analysis (Hamada et al. 2011) . Similar geochemical analyses of fluid-mobile elements in the Kure OST indicate that the thrust there has also reached temperatures > 350 °C (Honda et al. 2011) . Moreover, structural evidence used to define slip-zone material in the Kure OST as pseudotachylyte suggests that friction there might have raised the temperature there to ≥ 1100 °C (Mukoyoshi et al. 2006) . However, the above three studies used fault-zone samples that included both cataclasite and fragments of host rock for their geochemical analyses. In contrast, we focused our analyses on discrete and uncontaminated slip zones, which should provide more-reliable estimates of temperatures attained during earthquake slip in the Emi major thrust and the Kure OST.
However, Kitamura et al. (2012) suggested that the commonly used kinetic model for vitrinite reflectance (Sweeney and Burnham 1990) does not yield accurate estimates of the peak temperature in a fault zone because of mechanochemical enhancement of vitrinite maturation. Thus, both a single earthquake accompanied by high frictional heat and multiple slip events at lower temperatures are capable of progressing the maturation of CM (Fulton and Harris 2012) . A fast heating rate, several hundreds of degrees Celsius per second during earthquake slip, might delay the reactions. Such mechanochemical activation, cumulative slip events, and fast heating rate might increase the uncertainty of temperatures inferred to have been experienced in the slip zones. However, the quantitative evaluation of their effects on maturation of CM still remains difficult, so we assumed that our Fig. 4 Locations of CM analytical points (red circles) in the Emi major thrust (see also Fig. 3a) . a Ultracataclasite, b cataclasite, and c host rock. d Representative Raman spectra of CM samples. e Raman spectra of experimentally heated CM extracted from host rock. D, disordered band; G, graphitic band estimation of maximum temperature contains uncertainties of ± 100 °C for each fault system. To examine the slip behavior of the Emi major thrust and Kure OST, we estimated slip parameters (shear stress and slip distance) on the basis of the maximum temperatures recorded in each discrete slip zone. The change in temperature in a slip zone can be expressed by the following one-dimensional heat and thermal diffusion equation:
where T is temperature, t is elapsed time after the start of slip (t = 0), κ is thermal diffusivity, x is distance from the center of the slip zone (x = 0), τ is shear stress, D is slip distance, w is slip-zone thickness, C p is specific heat capacity, and ρ is rock density. For simplicity, the effects of convective heat transfer, endothermic processes, and dynamic fault weakening are ignored. The time-temperature relationship outside of a slip zone (w/2 < x, − w/2 > x) can be described as follows:
(1)
Parameters used in the calculation are summarized in Table 1 . If we assume that the stress normal to the fault is equal to hydrostatic stress (i.e., horizontal stress is equal to vertical stress), the amount of frictional heat produced during slip is directly related to the product of the friction coefficient, vertical stress, and slip distance. During earthquake slip, the friction coefficient of the clayey plate-subduction slip zones is commonly 0.1 (e.g., Ujiie and Tsutsumi 2010; Di Toro et al. 2011 ), so we adopted this value. The burial depths (equivalent to depth to the subducting plate) of the faulted strata of the Emi Group and Kure Mélange have previously been determined to be 1-4 and 2.5-5.5 km, respectively (Mukoyoshi et al. 2006; Hirono et al. 2008b ), so we adopted representative depths of 2 and 4 km for the Emi Group and 3 and 5 km for the Kure Mélange. Slip rates during past earthquakes are unknown, so we tested three values (0.1, 0.5, and ). By numerically solving Eqs. (1) and (2) using a 0.1 s time increment, a 0.5-mm grid size, and a constant temperature at x = 200 mm as the boundary condition, we obtained the slip distances necessary to achieve temperatures of 600, 700, and 800 °C for the Emi major thrust and 1200, 1300, and 1400 °C for the Kure OST for each combination of depth and slip rate.
The resultant relationships between slip rate and slip distance indicate slip distances of more than 6 and 3 m at depths of 2 and 4 km for the Emi major thrust, respectively (Fig. 7a) , and much larger slip distances of more than 14 and 7 m at depths of 3 and 5 km for the Kure OST, respectively (Fig. 7b) . In both cases, slip distances were greater for the shallower depth setting, probably because overburden stress was lower at shallower depths. The actual slip rates during past earthquakes are also unknown, but we suggest that the highest slip rate we tested (1 m s −1 ) is likely closest to the actual slip rate. The resultant slip distances are very consistent with average slip distance during historical Nankai Trough earthquakes such as 1707 Hoei earthquake (Furumura et al. 2011 ) and 1944 Tonankai and 1946 Nankaido earthquakes (Ando 1975 (Fig. 7) .
Conclusions
We performed Raman spectroscopic analyses of CM in thin sections of samples from discrete slip zones in the 
Fig. 7
Results of numerical simulations of heating during fault slip used to determine the amounts of slip necessary to achieve the target temperatures. a 700 ± 100 °C in the ultracataclasite layer in the Emi major thrust. b 1300 ± 100 °C in the pseudotachylyte layer in the Kure OST for different slip rates and depths of burial. Slip distances during three historical earthquakes are referred from Ando (1975) and Furumura et al. (2011) Emi major thrust (an ultracataclasite layer) and the Kure OST (a pseudotachylyte layer). Comparison of the A D / A G ratios of these Raman spectra with those of experimentally heated CM from nearby host rocks indicated that CM in the ultracataclasite layer from the Emi major thrust had been heated to temperatures up to 700 °C and that CM in the pseudotachylyte layer from the Kure OST had been heated up to 1300 °C. Slip distances for the Emi major thrust and the Kure OST were at least 3 and 7 m, respectively. These slip distances are consistent with those determined from historical records of large tsunamis generated by past Nankai Trough earthquakes (Ando 1975; Furumura et al. 2011) . Comparison of the slip distances we determined for the Emi major thrust and Kure OST clearly shows that potential slip distance has regional heterogeneity in major subduction-zone fault systems. Although our estimates of slip distances did not take into account the influence of kinetics on the maturation of CM, the slip distances we determined probably represent minimum slips for subduction-zone thrusts and thus provide an important contribution to earthquake preparedness plans in coastal areas facing the Nankai and Sagami Troughs.
